Abstract-This paper proposes a strategy to minimize the losses of an induction motor propelling and Electric Vehicle (EV). The proposed control strategy, based on a Direct Flux and Torque Control (DTC) scheme, utilizes the stator flux as control variable and the flux level is selected in accordance with torque demand of the EV to achieve the efficiency optimized drive performance. Moreover, among EV's motor electric propulsion features; the energy efficiency is a basic characteristic that is influenced by vehicle dynamics and system architecture. For this reason, the EV dynamics is taken into-account. Simulations tests have been carried out on a 1.1-kW EV induction motor drive to evaluate the consistency and the performance of the proposed control approach.
I. INTRODUCTION
As shown in [1] , an EV drive system must feature the following.
-High instant power and high power density.
-High torque at low speeds for starting and climbing, as well as high power at high speed for cruising. -Very wide speed range including constant-torque and constant-power regions. -Fast torque response. -High efficiency over wide speed and torque ranges. -High efficiency for regenerative braking. -High reliability and robustness for various vehicleoperating conditions. -Reasonable cost. The shortcomings, which caused the EV to lose its early competitive edge, have not yet been totally overcome. Indeed, EVs have a low energy density and long charging time for the present batteries. Therefore, optimal energy management is very important in EVs; in addition optimum design of the motor, selection of a proper drive, and optimal control strategy are the other major factors in EVs.
For EVs propulsion, the cage induction motor seems to be candidate that better fulfils the major above-mentioned features [2] . Induction motor drives control techniques are well treated in the literature. The most popular is the so-called vector control technique that is now used for high impact automotive applications (EV and HEV). In this case, the torque control is extended to transient states and allows better dynamic performances [1] , [3] . Among these techniques, DTC appears to be very convenient for EV applications [4] [5] [6] [7] . DTC has the advantage of not requiring speed or position encoders and uses voltage and current measurements only. Flux, torque, and speed are estimated. It also has a faster dynamic response due to the absence of the PI current controller. The input of the motor controller is the reference speed, which is directly applied by the pedal of the vehicle.
Furthermore, DTC typical advantages are not sufficient. EVs induction motor drive has also to possess a high efficiency in order to extend the running distance per battery charge. Therefore, DTC should be associated to a lossminimization strategy so as to maximize the drive efficiency. Indeed, EV motors have a high torque-to-volume ratio and a wide speed operation range [8] . As a consequence, these motors are characterized by their low inductance and high current density, so that they run at high speed and produce a high starting torque. Due to the low inductance coil design, the current ripple caused by PWM switching makes a significant amount of eddy-current losses and hysteresis losses, especially in high-speed operation. If we simply neglect the iron losses, then it detunes the overall vector controller and results in an error in the torque control [9] . Loss-minimization in the induction motor is directly related to the choice of the flux level. The higher the flux level is, the larger the iron losses are. But extreme minimization causes high copper losses. There is an optimal flux level that guarantees loss-minimization. Choosing the level of flux in the induction motor remains an open problem from the perspective of maximizing motor efficiency and many researchers continue to work on this problem. Numerous operation schemes have been proposed by many researchers concerning the optimal choice of excitation current or flux level for a given operating point. In low-frequency operation, core loss (hysteresis and eddy current loss) is rather low compared with copper loss. As the speed goes up, however, the contribution of the eddy current loss increases and finally becomes dominant. Hence, the optimal combination of d-axis and q-axis currents varies, depending on the required torque and speed [10] .
Among the above-mentioned motor drive features, the energy efficiency is a basic characteristic that is influenced by vehicle dynamics and system architecture. Therefore, in this paper a detailed dynamic model of an EV is introduced and associated with the proposed loss-minimizing DTC induction motor drive strategy. The objective is here is to test the effectiveness proposed efficiency optimization strategy on the whole vehicle and not on the sole induction motor. Simulations tests have been carried out on a 1.1-kW EV induction motor drive to evaluate the consistency and the performance of the proposed optimization approach. 
II. VEHICLE DYNAMIC ANALYSIS

B. Dynamics Analysis
Based on principles of vehicle mechanics and aerodynamics, one can assess both the driving power and energy necessary to ensure vehicle operation ( Fig. 1 ) [8] , [11] [12] .
The power P v required to drive a vehicle at a v speed has to compensate the road load F w . 
The rolling resistance force F ro is caused by the tire deformation on the road.
µ is a non linearly dependent of the vehicle speed, type, tire pressure, and road surface characteristic. It increases with vehicle speed and also during vehicle turning maneuvers.
Aerodynamic drag, F ad , is the viscous resistance of air acting upon the vehicle.
The climbing resistance (F cr with positive operational sign) and the downgrade force (F cr with negative operational sign) is given by
The motive force F available from the propulsion system is partially consumed in overcoming the road load. The net force (F -F w ), accelerates the vehicle (or decelerates when F w exceeds F). Therefore, the acceleration is given by
The mechanical equation (in the motor referential) used to describe each wheel drive is expressed by
The following equation is derived due to the use of a reduction gear.
The load torque in the motor referential is given by.
The vehicle global inertia moment in the motor referential is given by
If the adhesion coefficient of the road surface is high, then λ is usually low and can be neglected.
III. DIRECT TORQUE CONTROL
The basic idea of the method is to calculate flux and torque instantaneous values from only the stator variables. Control is carried out by hysteresis comparators and a switching logic table selecting the appropriate voltage inverter switching configurations [6] . Figure 2 gives the global configuration of a DTC scheme and also shows how the EV dynamics will be taken into account. 
B. Direct Torque Control
The induction motor model in the stator-fixed d-q reference frame is described by (while the mechanical equation is (7) 
The induction motor stator flux can be estimated as follows.
( ) 
Then, the electromagnetic torque is estimated using 
IV. INDUCTION MOTOR LOSSES MODEL
A. Nomenclature R fs = Core loss resistance; f s = Stator frequency; k h = Hysteresis loss coefficient; k f = Eddy current loss coefficient; S = Per-unit slip; P s = stator copper losses; P r = Rotor copper losses; P fs = Core losses; ω s = Stator angular velocity; A = Current ratio (i sq = A i sd ).
B. Losses Model
Stator and rotor copper losses are embedded in the dynamic model of the motor, by means of stator and rotor resistances. Both temperature and skin effect on winding resistances were neglected. The core loss resistance R fs is a function of the frequency and flux level, but it is more sensitive to frequency variation. It is therefore expressed by [9] [10] 
This resistance could be neglected at low speed according to R s value. The corresponding rotor core loss is given by
At high speed, the stator flux frequency is almost the same as the speed frequency (the slip frequency is nearly zero and the rotor core losses could be neglected). There are four types of losses in an induction motor propelling an EV: copper core losses in the stator and the rotor. Friction and windage losses are generally neglected. Therefore, the induction motor losses model is given by [13] [14] ( ) 
The losses can be rearranged as 
Differentiating the losses expression with respect to A and, assuming that the model parameters are independent of A will lead to minimum losses, and particularly to the following
The induction motor losses are, thus, minimal when the "direct" losses are equal to the "quadrature" losses. The proposed loss-minimization DTC scheme for an EV is then shown by Fig. 3 . In this case, model-based control has the advantage over the simple state control that it can include inverter losses in the calculation.
The principle of the search control is to keep the output power of the motor constant and find the operating point where the input power has a minimum. Measuring the input power and iteratively changing the flux level in small steps until the input power minimum is detected will lead to this minimum. The output power is normally kept constant by keeping the speed constant and assuming a constant load torque [14] .
V. SIMULATION RESULTS
Numerical simulations have been carried out, on an EV propelled by a 1.1-kW induction motor drive which ratings are summarized in the appendix. The objectives of the carried out simulations are to assess the efficiency and dynamic performances of the proposed control strategy.
First, Fig. 4 shows the induction motor flux with and without loss-minimization. In the beginning of the simulation process, the nominal flux is applied to the induction motor drive until it reaches its steady state. When the simulation time reaches 2.3-sec, the loss-minimization strategy is engaged. Fig. 5a shows that the efficiency increases from 75% to 80% when the flux reaches its optimal value. Moreover, Fig. 5b confirms the principle given by (19).
Figures 6 and 7a, illustrate the EV dynamics, respectively, the electric motor mechanical speed and the developed torque, with changes of the acceleration pedal position and a varied road profile (rising and downward portions). It should be noted that speed and torque variations are as large as are the variations of the accelerator pedal and the road profile. Moreover, Fig. 7 shows that the estimated torque and the developed one are quite indistinguishable, which confirms the good torque control of the induction motor. 
VI. CONCLUSION
This paper presented a detailed dynamic model of an EV that is associated with a loss-minimizing DTC induction motor drive strategy. Compared to previous works, the proposed energy optimization strategy is applied to the whole vehicle, by taking into account its aerodynamics, and not to the sole induction motor. This approach was used to directly minimize the induction motor losses in order to evaluate the optimal magnetizing flux, thus maximizing the efficiency and extending the running distance per battery charge.
Simulations tests that have been carried out on a 1.1-kW EV induction motor drive show that the proposed control approach provides effective loss-minimization control while maintaining a good dynamic response. For applications permanently operating in a steady-state mode, applying this approach would produce significant savings. For tolerant-systems to slight variations in dynamic response, this application would prove to be very efficient. 
